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Abstract 
Understanding the energy level alignment and charge injection mechanism in organic semiconductors 
(OSCs) are an essential first step to elucidate their device physics and a key to optimize their 
performance. Traditionally the hole injection barrier ∆h is deduced from ultraviolet photoemission 
spectroscopy (UPS) as the difference between the pinned Fermi level (EF) of anode and the ionization 
potential (Ip) of the OSC, which is typically of the order of a few tenths of an eV.  In this thesis, I 
describe electromodulated absorption (EA) spectroscopy of polymer organic devices as a function of 
temperature and dc bias.  From these measurements, the flat-band voltage (i.e., built-in potential Vbi) 
can be easily obtained as the dc bias required to null the quadratic Stark shift.  The Vbi is important not 
only in light-emitting diodes (LEDs) where it gives the separation of the Fermi levels of the cathode and 
anode at the onset of injection, but also in photodiodes in which it corresponds to the maximum (open-
circuit) output voltage.  The values of Vbi have been measured here for a wide variety of polymer 
organic diodes.  A systematic behavior has been found which suggests the existence of well-defined 
internal energy offsets that enable an operational definition of an effective work-function for the less-
reactive metal contacts with the OSC.  From the modulation of the sub-gap polaron absorption intensity 
in these EA spectra, I show further that it is possible to directly measure the interface hole accumulation 
density, and thus determine that the actual energy offset of the heterojunction in the diode is in fact 
much smaller than what is given by the UPS results on single heterojunctions.  This suggests a 
considerable energy-level re-alignment in the presence of the cathode that has previously been 
neglected. 
 
Chapter 1 gives a brief introduction on the fundamentals of OSCs and the working mechanism of 
organic light-emitting diodes.  
 Chapter 2 gives a brief overview of the theoretical background and application of the EA spectroscopy, 
followed with the detailed description on the setup of the home-built EA rig including its configuration, 
automatic program control and calibration.  
 
Chapter 3 presents an EA spectroscopy study of model polymer organic diodes based on poly(2,5-
dialkoxy-p-phenylenevinylene) with well-characterized electrode/ OSC hole-injection interfaces. This 
study reveals the formation of a δ-hole-doped polaron OSC interface for the case of Ohmic 
contacts.  When the hole density at this interface exceeds a few 1011 cm–2, degenerate “band-like” 
polaron states emerge, which appear to furnish efficient carrier injection into the bulk of the OSC.  The 
results clearly demonstrate that the ultraviolet photoemission gap between the electrode Fermi level 
and the OSC transport level, typically pinned at 0.6 eV and often assumed to correspond to the hole 
injection barrier, does not in fact reflect the true injection barrier.  
 
Chapter 4 extends these measurements to blue light-emitting diodes based on poly(fluorene-alt-
triarylamine) (TFB).  The sub-gap polaron band at the TFB interface with poly(3,4-
ethylenedioxythiophene) : poly (styrenesulfonic acid) (PEDT: PSSH) suggests an interface hole density 
of ca. 1 x 1012 cm–2 at room temperature.  From this δ-hole density and those measured in poly(2,5-
dialkoxy-p-phenylenevinylene) diodes in chapter 3, the interface vacuum-level offset at the PEDT/ OSC 
contact is inferred to be only a small fraction of that measured by UPS, which suggests a sizeable 
energy-level realignment occurs in the presence of the cathodes.          
 
Chapter 5 surveys the Vbi of several systematic families of model diodes of ITO (indium-tin oxide)/ PEDT/ OSC/ 
metal, with different metal cathodes and PEDT anodes.  The existence of a relatively well-behaved effective work 
function oscelφ for less-reactive metals with respect to the vacuum-level of the OSC is demonstrated:  
osc
elφ  for Al 
is 3.4 ±0.1; Ag, 3.7 ±0.1; and Au, 4.2 ±0.2 eV.   These values are considerably smaller than the vacuum work 
functions by ca. 0.6–0.7 eV, which suggest a consistent behavior of the interface dipole when these metals are 
evaporated onto the OSCs.  On the other hand, Ca does not show a consistent oscelφ  due to charge transfer and 
pinning to the polaron state of the OSC. 
 
Chapter 6 describes the fabrication and characterization of the first doped p–i–n polymeric LED based 
on poly (9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT). These p–i–n LEDs exhibit good built-in 
potential and electroluminescence efficiency (1.4 % ph/el), which are substantially better than control 
devices and those with poly(3,4-ethylenedioxythiophene) hole injection layer and Ca electron injection 
layer.  This use of doped injection layers in polymer diodes suggests the possibility to fabricate high-
quality devices on air-stable electrodes. 
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Chapter 1 Introduction  
 
The scientific research and technological application of organic electronics have grown exponentially in 
the last two decades[1, 2]. The experimental mistake of iodine doping on the polyacetylene (CH)n [3] 
led to the discovery of degenerated-doped highly conductive polymers, and its founders Alan J. Heeger, 
Alan G. MacDiarmid and  Hideki.S were awarded the Nobel  prize in chemistry 2000[4].  Tang in 
1987[5]and the Cambridge group in 1990[6] demonstrated the electroluminescence from small 
molecules and polymeric organic light emitting diodes(OLEDs) respectively. These two works set the 
milestone in the development of organic semiconductor (OSC) devices and drew great amount of 
scientific interest and funding into this field over last twenty years.  
The extensive studies on the OSCs spurred the performance of organic electronic devices to approach  
large-scale commercialization at current stage: The state-of-art organic lightings have reached the 
power conversion efficiency of 125 Lumens/W (comparable to the fluorescence tube efficiency) [7] and 
life time over 100,000 hours. The organic display is widely regarded as the next generation technology 
for the large-screen display technology, while LG aims to launch its 32 inch OLED display in 2012. 
Polymeric organic field effect transistors (OFETs) could reach mobility up to 0.6 cm-2 V-1 S-1[8], 
sufficient to replace amorphous Si as the flexible electrical backplane. Many giant companies like 







1.1 Electronic properties of organic semiconductor fundamentals  
 
There is lack of long-range periodic structure on the organic semiconductor (OSC). The conjugated 
backbone with alternating single and double bonds takes sp2 hybridization, which leads to the formation 
of three localized σ bonds (strong head-to head electron density overlapping) and one delocalized π
bond with the other pz orbital of the neighboring atom on the backbone plane. [9] 
In the model of molecular orbital theory , the interaction of the valence orbitals from two neighboring 
molecules with the same energy level results in one bonding and the other anti-bonding orbital ( e.g. π  
and π *) , and the single electron on the half-filled valence orbitals will pair up and stay in the bonding 
orbital to reduce the total energy. The interactions in a collection of the atoms broaden the bonding and 
anti-bonding orbitals into an energy band [10], as drawn in Fig. 1.1.  In most cases, the energy of 
delocalized bonding π  (anti-bonding π *) orbital is the highest in the occupied bonding orbitals (lowest 
unoccupied orbital) and denoted as HOMO (LUMO) in abbreviation. The gap between the LUMO and 
HOMO is defined as the single particle gap (equal to the summation of π -π * absorption gap plus 
exciton binding energy), and decreases with increasing effective conjugation length . The LUMO and 
HOMO is treated as the transport level to support the mobile carriers, similar to the concept of 
conduction band and valence band in the context of inorganic semiconductor [11]. Unlike the doping 
method in the inorganic system , the transport gap in the organic semiconductors  could be easily tuned 
in many manners, for instance, by varying the chemical substituent on the backbone or attached with 








Fig. 1.1  Schematic energy diagram showing the formation of band-like electronic states[11]  
       (a) Single atomic states;  
             (b) Bonding and anti-bonding states;  
             (c) Collective interactions among orbitals broaden the bonding and anti-boding states into the energy   
bands, Eg represents the single particle gap between HOMO and LUMO.  
 
If additional positive (or negative) charge is introduced on the conjugated chain by chemical doping or 
charge injection, the charge will polarize the backbone and self-localizes its wave-function over limited 
units along the chain. Fig.1.2 shows the bond alternation from benzenoid to quinoid form would occur 
when charge is located on the backbone. This process is termed as “ polaron” in analogy with the 
electron cloud distortion on the inorganics [13]. A spin-less bipolaron would be formed if one additional 
charge (of the same sign) is further introduced.  
              (a) 
              (b)  
 
Fig. 1.2: Schematics of (a) polaron and (b) bipolaron structure. The presence of charge  






As a result of the geometrical and electronic relaxation, two sub-gap states are created into OSC’s 
forbidden band-gap. Only C1 and C2 (DC1) optical transition is allowed in the polaron (bipolaron) 
energy diagram, the rest are forbidden since the transition must occur between asymmetrical orbitals, 
[14] as indicated in Fig.1.3.  
 





















(a) (b) (c) 
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1.2 OLED working mechanism  
 
Organic light emitting diode is the most mature application among the organic opto-electronic devices 
so far. Besides its technological importance, its simple sandwich structure offers a platform to study the 
physics of charge injection on the electrode/ OSC interface. The spectroscopic works in this thesis are 
based on the single-layer OLED structure, but the results would be directly transferrable to devices of 
other architectures like OFETs and molecular junction.   
The schematics of OLED’s device structure is shown in Fig.1.4a:  the light-emitting OSC thin film 
(~70nm) is sandwiched between two electrodes. The most common anode material is transparent 
conductive indium-tin-oxide (ITO), but its work function is strongly dependent on the pre-treatment [15] . 
Since year 2000, the poly-electrolyte poly(3,4-ethylenedioxythiophene) (PEDT) doped with 
poly(styrenesulfonic acid) (PSSH) has been widely used as hole injection layer coated on top of ITO[16, 
17]. The solution processable PEDT:PSSH provides a smooth surface that significantly reduces the 
surface corrugation compared with ITO, and offers a stable work-function :PEDT PSSH of ca. 5.1eV which 
further reduces the hole injection barrier . On the cathode side, typically low work-function metals such 
as Ca  and Al are chosen to thermally evaporate on top of the OSC film for electron injection, and other 
oxide and alkali halide compounds have also been tested as intermediate layer between the electrode 
and OSC to enhance charge injection[18, 19]. A thick encapsulation layer is usually required to protect 
the oxidation of the reactive metals,.  
At the zero bias condition, the cathode and anode’s Fermi level ( EF) are aligned due to the thermal 
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to null off the internal field , it is defined as the flat-band voltage (Fig 1.4c).  Fig.1 .4d shows further 
increase of the Vdc drives the carriers ( electron and hole ) from the electrodes to inject into the emissive 
layer as negative(P-) and positive polarons (P+) and sweep through the devices in the form of inter-
chain or intra-chain hopping [20, 21]. A fraction of the P- and P+ will combine via the coulomb binding to 
form singlet and triplet excited state[2, 22, 23]. The fluorescent singlet exciton ( or triplet 
phosphorescene ) would decay to the ground state decay radiatively. [24] The most efficient OLEDs so 
far could reach 100% internal quantum efficiency and 125lm/W power conversion efficiency utilizing 











Fig.1.4: Working mechanism of OLED. (a) Schematic of OLED structure and the OLED’s energy diagram in 


















































1.3 Energy level alignment at interface: 
 
Energy level alignment at hetero-junction interfaces [25-27] is a central issue in determining the 
efficiency of charge injection, charge confinement and exciton dissociation[28-31]. The interface 
energetic on the hetero-junction is crucially dependent on the sequence of the deposition in the 
fabrication process, as revealed in last section. In the current fabrication protocol, the anode/ OSC and 
OSC/ OSC hetero-junction are usually prepared from spin-coating (or vacuum vapor deposition for 
small molecules)[2], and no strong chemical interaction/ wave-function overlapping occurs on the 
interface [32]. On the other hand, the OSC/ metal cathode interface is prepared from thermal 
evaporation and much more complicated, which often involves chemical interaction, charge transfer 
and diffusion.[33, 34]  This concept is extendable onto the OFETs for the bottom and top electrode 
configuration.  
 
1.3.1 UPS study on the single hetero-junction  
 
Despite of many limitations, ultraviolet photoelectron spectroscopy (UPS) is the most important and 
prevailing apparatus to study the interface energetic on the organic interfaces. Recent studies from 
UPS work have shown that there is no strong wave-function overlapping on OSC/ OSC and anode/ 
OSC single hetero-junctions (SHJs), which is usually blocked by the adsorbed hydrocarbon layer on the 









switches from 1 (vacuum level alignment) to 0 (Fermi-level pinning ) with increasing vacele ; 
where  vacele  is the electrode work function in vacuum , 
osc













Fig. 1.5. Schematic of energetic relation between the OSC’s work function oscele and the substrate work function 
vac
ele . Transition from vacuum level alignment (S=1) to Fermi level pinning (S=0) occurs at the positive (negative) 
polaron level 
Fig.1.5 illustrates the relation of oscele  with increasing
vac
ele , and the change of interface parameter S.   
The middle panel describes the situation of  vacuum level alignment (S =1) when  the anode’s work 
function vacele  is between the energy level of OSC’s interface positive polaron level P+  and negative 
polaron level P-, which is typically 0.6~0.7eV above the energy of the HOMO and LUMO edge. [36, 37].   
The right panel describes the situation that when the anode’s work function vacele is higher than the P+ , 
the spontaneous charge transfer from the anode to the OSC would occur to minimize the total energy 
of the system. The oscele  would pin at the P+  despite of increasing 
vac
ele and build up a significant amount 
of vacuum level offset  vac at the interface. This unitary slope of the interface parameter(S=1) has 




















This integer charge transfer model is expected applicable for the energy offset between low work- 
function electrode/ OSC for pinning on the P- state, but the experimental evidence is rare [38, 39], due 
to the fact the low work function electrodes easily react with  the conjugated polymer chain and 
formation of diffusion layer~ 20-30Å at the near-surface region . [2, 40, 41] In addition, the lack of 
experimental apparatus to probe the LUMO makes it hard to scientifically address this question. 
Currently we are building the internal photon emission spectroscopy, which is expected to be a good 
candidate to answer the interface energetics and the density of states at LUMO. 
Additionally, the result from our group on the OSC hetero-junction[42] demonstrates that the relaxation 
of these interface polarons into the HOMO–LUMO gap are not invariant but strongly related to the 
Coulomb (Madelung) potential of the counterion[43] and polaron-polaron interaction[44]. Therefore the 
energy level of polaron states would decay from the typical ~0.6eV +1P at the first interface to the 
energy level just above HOMO for polaron states at infinity +∞P , and the energetic difference between 
+







= , of the order of 0.5 eV - 0.6 eV 
for most materials.  
 
1.3.2 EA study on the completed device 
 
The extensive surface studies on OSC with in-situ deposited metals at ultra high vacuum condition 
(Pressure~ 10-10 Torr) are not  directly extended to the passivated OSC interface fabricated in the “dirty” 
environment involving OSC solution spin-coating and electrode vapour-deposition in high vacuum 
(Pressure~ 10-6 Torr). More importantly, the studies on the device appear to show that the interface 
energetic of one interface is influenced by the other Ohmic contact from the current-voltage 
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performance [31, 45]. All these highlight the importance of the spectroscopic studies (e.g. 
electromodulated absorption, internal photoemission) on the completed device.  
There are quite a few spectroscopic techniques available such as Kevin probe [46], charge modulation 
spectroscopy [44], electroabsorption [47] etc, depending on the objective and device’s configuration. 
The electromodulated absorption proves to be the most suitable apparatus to study the energy level 
alignment in the sandwich OLED structure of a few hundred nanometer thickness, the theoretical 
background and setup would be discussed in detail in chapter 2.   
The electrical field modulated spectroscopy was originally applied on organic solids to study field effect 
on the change of optical spectra and excited states [48, 49].It was shown by Campbell et . al. [47] in 
1996 that this EA technique could also be used to measure the built-in potential (defined as the 
potential required to reach flat band condition in the bulk film, as shown in Fig.1.4c on the semi-
transparent thin metal/ MEH-PPV/ metal diode , where the built-in potential (eVbi ) is determined from 
the nulling-off of modulated reflectance R
R
 .  
Following Campbell’s pioneering works, this EA technique was widely applied to study the device 
physics of the interface insertion layers, for instance on the hole injection p-doped poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonic acid) PEDT: PSSH / deep–HOMO OSCs [50, 51] and the 
mechanism of alkali-halide/metal cathode on electron injection [52-54].The Vbi results measured on the 
OLEDs were consistent with its current-voltage-luminescence, and showed this insertion layer greatly 
reduces the injection barrier height (evidenced by increasing Vbi) and enhances the device’s power 
efficiency.  
The modulated reflectance R
R
  is strongly disturbed by the injected current and electroluminescence 
at high forward bias. Brewer and Lane et. al. [55, 56]developed the double modulation technique (light 
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incident passes through the 2nd monochromator after reflecting from the OLED and two modulators with 
very different frequencies are used )  to study the energy level alignment at the forward bias condition. 
It was claimed that in the diode the bulk internal field drops down to zero at operating condition, which 
was screened by the electrons trapped at the anode interface. The features on the sub-gap absorption 
was also observed, and inferred as the excited state bleaching/absorption from the injected/trapped 
charge on the aggregated PSSH layer at PEDT: PSSH surface[57, 58].  
 
1.3.3 Charge injection barrier height 
 
Historically it is assumed the interface energetic on electrode/ OSC interface would follow the Schottky-
Mott limit with high purity and vanishingly small interface states, and the injection barrier height for 
whole (electron) is assumed to be 
h p FI E   ( e E FA E   )                                                                                                       (1.2) 
in which Ip and AE are the ionization potential and electron affinity respectively ( the image potential 
lowering needs to be considered in a completed device) . Under this assumption the barrier height is 
linearly dependent on the anode EF, and the criterion to reach the barrier-less Ohmic hole (electron)  
injection is to match anode EF and Ip  (electron affinity), as shown in Fig.1.6a. 
However, this over-simplified picture could not hold when it reveals the vacuum level offset vac∆ existing 
on the OSC/electrode interface, depending on the interface structure and charge transfer. [25-27, 35] 
[50] Contrary to the inorganic semiconductor, the doping induced space charge (band-bending) is not 
observed due to the low free carrier concentration within the OSC. [59] Fig.1.6b depicts the barrier 
height on the metal/OSC interface after taking vac∆  into account  
∆e = FLUMO∆ = EF – Ae + vac∆  (∆h = HOMOF∆ = Ip  – EF – vac∆ )                                                                (1.3) 
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 As we discussed in the last section, in the regime of the Fermi-level pinning on the anode/OSC contact, 
the  oscele  pins at the positive polaron level, and   ∆h   is an invariant at 0.6eV above the HOMO level.   
The chemical interaction induced from metal (especially reactive metal) vapor deposition onto the soft 
OSC film creates significant amount of localized pinning (trapping) states on the OSC/cathode interface. 
[33, 34] If the density of the interface states is high enough, this would accommodate the electrons 
transferred from the metal without noticeably moving EF.  The injection barrier in this situation is 
insensitive to the cathode EF  
∆e = Ae – EP                                                                                                                                       (1.4) 
Where Ep  represents energy level of the pinning states (Fig.1.6c). Interestingly, the interface energetic 
on the OSC/cathode is assumed to follow the ICT model as demonstrated on the OSC/anode and 
pinned at the negative polaron level (P-) with low EF in the absence of the strong chemical interactions. 
It is no clear which one of the two would be the dominant process and the pinning level on the 
OSC/cathode interface.  
The 0.6eV barrier deduced form the UPS study contradicts with the Ohmic current density-voltage 
characteristics reported on the hole-only devices. Our experiments [42, 60]on the wide-φ-range PEDT: 
PSSM/model OSCs demonstrate that in the context of strong Fermi-level pinning, the interfacial charge 
transfer builds a sub-gap hole density-of-states in the organic semiconductor [60, 61]. The injected 
charge would essentially cascade down to the uncorrelated polaron level (HOMO) through sub-gap 
hole density-of-states at energy step of ~10meV for the Ohmic injection at high surface doping density 
of a few 1011cm-2 rather than surmounting the 0.6eV gap measured in the UPS between the pinned 
Fermi level (EF) and the transport level that has traditionally been assumed (Fig 1.6d). This explains the 
apparent anomaly that carrier-injection efficiency can continue to improve with φvac even while EF is 
pinned and will be discussed in detail in chapter 3 and 4. In this thesis’ work our focus is on the 
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interface energetic from the anode on the transport level, and the Ip will be used to denote the transport 
level for simplicity, we also note Arkhipov and Blom et. al.  [62, 63] demonstrated that charge was 











Fig. 1.6. Charge injection barrier at different model  (a) Hole injection in the Schottky-Mott contact (b) Hole 
injection in the presence of the interface dipole (c) Electron injection at high density of interfacial pinning states 
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Chapter 2 Electroabsorption spectroscopy  
 
In this chapter, we describe the theory and experimental set-up of the electromodulated-absorption 
(EA) spectroscopy, on which the work described in this thesis, is based. Along the odyssey, the EA rig 






















2.1 Electroabsorption theory  
 
The electroabsorption technique measures the change in the absorption coefficient induced from the 
application of electrical field [1-4].  At normal incidence, the intensity of the light I transmitted through 
the absorbing media can be calculated by the Lambert-Beer law  
2(1 ) exp( )oI I R d                                                                                                                        (2.1)
Where Io   represents the original light intensity of the incident light, R is the reflectivity, α is the 
absorption coefficient and d is the thickness of the absorption media.  
Both the R and α are affected by the external electrical field, the change ΔI on both R and α would be 
2( )
1
R RI I d
R R
   
                                                                                                              (2.2)
The change in R could be ignored, in a good approximation, on the typical operation[5].  
I d
I
                                                                                                                                        (2.3)
From the microscopic view, the energy level E (F) of a state i in the electrical field F is given by  
1( ) (0) ( )
2i i
E F E m F p F F                                                                                                              (2.4) 
mi represents the electrical field dipole moment of the state and pi is its polarizability. The energy shift 
ΔE of the optical transition from the initial state i  to the final state f  is therefore given by 
21( ) ( ) ( )
2f i f i
E F m m F p p F                                                                                                  (2.5) 
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The first term gives the linear energy change from the different dipole moment of the initial state and 
the final state, which averages out in the isotropic solid without permanent dipole. The second term 
describes the energy shift due to the polarizability difference of the initial state and the final state, and is 
always present. 
The absorption change from the external electrical field Δα, can be expressed in terms of ΔE from   






d dh E E
dE d E
                                                                                                   (2.6) 
The only contribution on the first term comes from the quadratic stark effect  21
2
pF  , while the 
isotropic averaging of 2( )mF  in the second term would not average out but yield 21 ( )
3
mF  in the 
randomly distributed matrix. A third contribution of the Δα(hυ) comes from the oscillator transition to 
the former forbidden state in the presence of the electrical field, which is also quadratic in F. 
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Fig.2.1. Schematics of the application of electrical field on (a) the change of the energy state (b) the red-shift of 
the absorption spectrum. 








The spectrum is redshifted by ~E2
and the EA response looks like the 














For a composite electrical field with the ac component sin( )acE t and dc component  dcE  :  
( ) sin( )dc acE t E E t                                                                                                                     (2.8) 
Inserting equation (2.8) into (2.7) shows the modulation of Δα at both the fundamental frequency 1ω 
and 2ω.  
2 21 1 sin(2 ) 2 ( )sin( ) ( )
2 4ac ac dc bi dc bi
E t E E E t E E  
              
                                    (2.9) 
The ( )anode cathodebiE qd
   represents the internal field from the EF equilibrium of the two electrodes. 
The phase-sensitive lock-in amplifier could measure the 2ω component[6]: 
21(2 ) sin(2 )
2 4ac
E t                                                                                                           (2.10) 
And 1ω component,  
(1 ) 2 ( )sin( )ac dc biE E E t                                                                                                     (2.11) 
(1 )  is  linearly proportional with the dc biE E , therefore the internal field Ebi could be determined 









2.2 EA rig setup  
 
2.2.1 Configuration  
 
The schematic of the home-built eletroabsorption rig is shown in Fig. 2.2. The light from a 50 W quartz-
tungsten-halogen lamp is focused onto a monochromator (Newport CS260, F /3.9). The monochromatic 
light is collected by the reflecting concave mirrors and focused onto the OLED device which is sitting 
inside a temperature-controllable cryostat (10-300 K, APD HC-2). A modulated drive voltage V=Vdc +Vac 
is applied onto the device at the mean time. Pressure of 10-6 Torr is reached in the cryostat via a turbo-
molecular pump system backed by a dry diaphragm pump. The light is reflected from the metallic 
cathode and collected by the photodiode (Burr Brown, OPT301 M), the voltage of which is sent into 
lock-in amplifier (Stanford Research, SR830) and digital multi-meter (Keithley2400). The data collection 



































2.2.2 Labview automatic control  
 
All the variable experimental parameters and data in the EA rig are implemented and collected 
automatically, which is written by us with the Labview 8.0. This experimental setup requires the 
coordination of more than three electrical units: stepwise wavelength increment by monochromator; the 
photodiode’s voltage reading form the DMM and the composite voltage output and demodulated signal 
from the LIA. In order to understand the device’s physics, we need to collect the spectrum at 
temperature from 30 K to 298 K. Each spectrum requires an energy step of 0.02 eV (~150 points over 
the spectrum) to have enough resolution on the fine feature. In addition, the modulated signal is small 
in the order of 10–6 of the background signal, and hence a large set of readings is required to optimize 
the signal/noise ratio. The stringent requirement makes it impossible for manual operation and requires 
the help from the automation software.  
On the hardware side, we opted to use the GPIB connection to link four electrical units by the NI’s Type 
X2 cable in parallel from the unit’s built-in GPIB card to the NI’s GPIB-PCI conversion card embedded 
in a standard desktop PC. The GPIB’s parallel connection allows it to control multiple units 
simultaneously, and make it our preferred connection method over RS 232. 
On the program structure, we employed a stacked event method to control the instruments and 
manage the data stream. As shown in the block diagram and the user interface below (Fig.2.3 and Fig 
2.4), the input of the photon energy is combined into a cluster (including the initial and end photon 
energy, together with the energy step). The initial wavelength is sent into the monochromater sub-VI. 
This determines the standard settings (grating, filter-wheel etc) appropriate to the wavelength, and 
sends the commands to the monochromator hardware to adjust grating position and filter wheel 
position for the correct wavelength output. Subsequently, the program calls the LIA to initialize. 
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The program then proceeds into the loop action to collect the data while tuning the wavelength at the 
start of each loop. The loop action is set in the stacked event structure. In the 1st frame, the 
monochromator is tuned to another wavelength, which is automatically computed at each loop. This 
allows the VI to command the monochromator to scan at constant energy rather than constant 
wavelength steps, which is not possible by using instrument drivers. In the 2nd frame, the DMM is 
initialized to read the photodiode’s dc voltage. In the 3rd frame, the VI intelligently commands the LIA to 
set the correct sensitivity, time constant, sampling rate and sampling time, based on the VI’s logical 
analysis of the data output. LIA starts reading the demodulated signal in channel 1 (ch1) and channel 2 
(ch2)  with respect to new wavelength. In frame 4, the data storage VI will start downloading the data 
from LIA (both ch1 and ch2) and DMM (Vpd). These data will be stored in the buffer of the measurement 
first, and the time at each point and frequency of data collection is determined intelligently by the VI, 
which allows for enhanced data collection specifically at those critical points where the signal is weak. 
This optimizes the quality of data without spending a lot of time at the unnecessary points. Once the 
data collection finishes at each wavelength, the data in the buffer is downloaded in real time into the 
data matrix and the VI proceeds to calculate the mean and its standard deviation (representing the 
noise) via the embedded math function. To monitor the progress of the experiment, we embed one 
dynamic XY chart in the loop action, and hence each completed data point in terms of ch1/Vpd and 
ch2/Vpd will immediately visualize on the screen. One typical example could be seen on the interface 
when the whole action finishes, the program will close the shutter and record down the photodiode’s 
dark reading. The data will be automatically saved in the spreadsheet in the format of txt file.  
The program exploits to the full the internal data buffer capabilities of these instruments to collect high 
quality data sets by intelligently selecting the appropriate parameters in real time, and without wasting 
precious time to communicate with the instruments for every data point. This considerably shortens 
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data collection time (by a factor of twenty, compared to manual collection) while delivering high signal-
to-noise that allows us to consistently measure signals down to the 10–6 level (–120 dB). 
The success of this Labview VI brought us a great sense of satisfaction. The program has been running 
over 3 years now, and is stable without crashing so far, despite working in the Windows XP 
environment. It has spawned subsequent VIs for other purposes, including for internal photoemission 

















2.2.3 Photodiode bandwidth calibration  
 
Three photodiode detectors are used to cover the spectrum range from 3 eV to 0.5 eV. The range is  
based on the consideration that π -π * band-gap for most of the organic semiconducting materials is 
within 3 eV , and the quartz-tungsten-halogen (QTH) lamp’s intensity decrease drastically after 0.5eV 
due to the absorption from the quartz window. The photodiode detectors are comprised of:  
a) Si detector (OPT301M from Burr Brown and FDS1010 from Thorlabs), with effective range 
between 3 eV to 1.0 eV 
b) InGaAs detector( from Newport) with effective range between 1.4 eV to 0.7 eV  
c) InGaAs detector (FGA20) , with  effective range between 1.0 eV to 0.5 eV  
The combination is sufficient to support the ongoing experiments described in this thesis. The 
photodiodes are working in the photocurrent mode, and the generated photocurrent is further amplified 
by home-built (OPT301M, FDS1010 and FGA20) or commercialized (Newport) amplifier with 4-stage 
trans-impedance gain from 104 to 107. The bandwidth of the corresponding gain is measured 
individually, and all the frequencies used in the experiment are within the bandwidth limitation. One 










Fig.2.5. Bandwidth measurement of the FDS1010 with 106 trans-impedance gain, the inset shows the equation’s 
fitting for the bandwidth determination  
The photodiode’s responsive voltage is decreasing with increasing frequency above the bandwidth, and 
it can be fitted from the equation [7]   
2max 0
0 1
V M= (1+ )
V M
                                                                                                                         (2.12) 
Where Vmax and V0 are the photo-voltage at flat frequency and high frequency, M0 is the modulation 
frequency and M1 is the fitted bandwidth frequency.  
2.3.4 Photodiode quantum yield calibration  
 
The quantum yield of the photo-detectors has also been calibrated in house. The 45W standard QTH 
calibration light source of traceable NIST standard is set to 0.50m away from the photo-detector. One 
interference filter of narrow transmission window is put in front of the detector. The photo voltage is 
recorded with the digital multimeter Keithley 2400. The whole set-up is enclosed by the anodized black 
shield to block any stray light and dark voltage is recorded as well. The intensity of the light on the 
detector could be accurately determined with the standard light spectrum and the transmission 
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interference filter’s wavelength. By changing the interference filter of different wavelength, we could 
measure the detector’s quantum yield over its effective wavelength range. One typical example of Si 
detector is as shown in Fig.2.6.  
 
Fig. 2.6. Quantum yield calibration of Si detector OPT301M  
 
2.3 EA application  
 
The electroabsorption technique is applicable on two configurations for different purposes: On the first 
inter-digitated structure, the incident light transmits through the thin film and modulated by the electrical 
field on the lateral direction (Fig.2.7a). The spacing between two electrodes is typically  on micro-meter 
scale and high voltage (~200 V) is required to supply the efficient electrical field across the channel[2]. 
This configuration is mainly used to study the influence of the electrical field on the change of optical 
spectra and localized excited states [1-3]. On the second sandwich structure (Fig.2.7b), light incident is 
reflected back from the bottom electrode at 45o, which is of the same structure as the thin-film OLED or 
OPV devices, and is widely used as a non-invasive probing tool to monitor the internal electrical field in 
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Fig. 2.7 Schematics of (a) Interdigitated electrode structure and (b) Sandwich structure  
Fig. 2.8a shows typical eletroabsorption spectra for the PEDT: PSSH/ poly(2,5-dialkoxy-p-
phenylenevinylene) OC1C10-PPV / Ca at 30 K , Vac=0.5Vrms and Vdc =-4 V to 4 V. The modulated EA 
peaks, as discussed in the theoretical session, are the stark peaks of the optical transition from ground 
state S0  to S1 and higher levels.  The peak intensity is linearly proportional to the magnitude of Vac and 
Vdc  at 1ω, which is explained equation 2.9 and experimental verified in Fig. 2.8b and Fig. 2.8c.  
Different from the EA peak, there exist sub-gap features extending out the π−π∗ absorption regime, 
and weakly dependent on the Vdc . This is demonstrated to be the modulation on the interface charge-
transfer layer between high-φ PEDT: PSSH /OC1C10-PPV, which will be discussed in detail in chapter 3 
and 4. The built-in voltage Vbi of this PEDT: PSSH/ OC1C10-PPV /Ca diode can be determined from the 





















Fig. 2.8. (a)The electroabsorption spectra of PEDT: PSSH/OC1C10-PPV / Ca at 30 K with a set of Vdc. (b) The 1ω 
EA signal at the first EA peak (hυ=2.12eV) as a function of the Vac bias. (c) The 1ω EA signal at the first EA 
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 Chapter 3 Direct spectroscopic evidence for a δ-hole-doped 
 interface at Ohmic contacts to organic semiconductors 
 
In this chapter we describe an electromodulated absorption spectroscopy study of the contact 
between an organic semiconductor (OSC) poly(2,5-dialkoxy-p-phenylenevinylene) and p-doped 
poly(3,4-ethylenedioxythiophene) electrodes of different work functions (φvac), which reveals direct 
evidence for the formation of a hole-doped layer at the OSC interface in equilibrium with high-φvac 
electrodes.  When the hole density at this interface exceeds a few 1011 cm–2, degenerate “band-like” 
polaron states emerge.  This appears to be crucial to furnish efficient carrier injection into the bulk 
of the OSC.  The ultraviolet photoemission gap between the electrode Fermi level and the OSC 










The physics of charge-carrier injection through traditional metal–semiconductor (MS) contacts is 
dominated by Schottky barrier formation.[1]  The zero-field barriers seen from the metal side of the 
interface for holes ∆h (and electrons ∆e) are given by the gap between the Fermi level EF and the 
valence band (conduction band) of the semiconductor taking into account the interface vacuum-
level offset vac∆ .  Essentially the same physics has been assumed to hold also for MS contacts 
with organic semiconductors (OSCs), except that the density-of-states (DOS) derived from the 
lowest-unoccupied-molecular-orbital LUMO (and highest-occupied-molecular-orbital HOMO) 
provides the transport levels for electrons (holes).[2, 3]  The barrier heights from the electrode side 
are assumed to be similarly given by the transport-level offset from EF: ∆e = FLUMO∆ = EF – Ae + vac∆  
and ∆h = HOMOF∆ = Ip  – EF – vac∆ , where EF, electron affinity Ae, ionization potential Ip are referenced 
to vacuum level Evac, and vac∆  depends on details of interface structure[4] and charge transfer.[5, 6]  
This underpins the widely held notion that the electrode work-function φvac needs to be matched to 
Ip (or Ae) for efficient hole (electron) injection, and all theoretical, simulation and experimental 
studies so far.[7, 8]   
 
We show in this chapter that this model breaks down for Ohmic contacts, which is a regime of 
utmost importance to high-performance semiconductor devices.  Ohmic contacts occur when the 
interface injection resistance becomes small enough, often with ∆h (or ∆e) < 0.1–0.2 eV for typical 
OSC diodes,[9-11] that its voltage burden becomes negligible in the device.[10]  We obtained 
direct evidence from electromodulated absorption (EA) spectroscopy that the electronic-gap DOS, 
already inferred to reside at the OSC interface from EF pinning [12-16], furnish states for carrier 
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injection at EF without having to hop up to the transport DOS in one step.  We observed reversible 
injection into these states with an apparent activation energy and thermodynamic gap of sub-10-
meV, and also the characteristic polaron (P+) signature.[17]  Therefore it is appropriate to 
characterize this as a δ-hole-doped OSC interface.  Subsequent hopping to the transport level 
incurs only small energy costs, in a process akin to graded injection,[18] compared to the usual 
hopping in the disordered DOS.[19]  In this regime then, HOMOF∆  is not the relevant parameter for ∆h.  
This resolves a long-standing mystery of how despite the ubiquitous pinning of HOMOF∆  at 0.5–0.6 























3.2 Experimental conditions 
 
3.2.1 Purification and dialysis of PEDT: PSSM   
The procedure used was based on dialysis ion-exchange, which is superior to the method of base 
titration[22] that readily leads to over-compensation and OH-induced damage of the PEDT.  
Aqueous PEDT: PSSM solution was prepared by dialysis of the commercial PEDT:PSSH solutions 
as above against the corresponding M+ ( M=Rb, Cs, Na, Li , H.. etc.) acetates at an ionic strength 
of 0.2 M, then repeated purification by dialysis against Millipore water, through a 12k low-
molecular-weight cutoff membrane. The purity of the resultant material was confirmed by x-ray 
photoelectron spectroscopy:  Atomic ratios for PEDT:PSSM: N/S = 1.0 (found) 1.0 (expected), 
Na/S = 0.00 (found) 0.0 (expected).  The Na+ ion that occurs as a contaminant in the commercial 
solution is also completely removed also in the process.  The pH of PEDT: PSSH solution was ca. 
1 (indicator pH paper), which increased to 6.5 (indicator pH paper) in the resultant PEDT:PSSM 
solution, confirming practically complete (>99.999%) removal of the H+.  The PEDTPSSM φvac that 
can be “tuned” over an eV-wide range through the spectator-ion effect, which allows us to access a 
series of well-defined electrodes with different φvac but similar carrier concentration, DOS and 
interface morphology.[23]    
 
3.2.2 Device fabrication and measurement 
 
PEDT:PSSH and ion-exchanged PEDT:PSSM with 6 vol% PEDT were purified[23] and spin-coated 
to give 60-nm-thick films on clean (RCA-SC1) indium-tin-oxide coated glass substrates, and then 
baked in N2 glovebox (pO2, H2O < 1 ppm) at 150οC (hotplate, 5 min). 75-nm-thick films of the 
polymer OSC (OC1C10-PPV in 3:1 THF:toluene; green-PPV in toluene; or poly(9,9’-dioctylfluorene) 
in xylene) were then spin-coated and baked at 130ºC (hotplate, 15 min) in the glovebox. The metal 
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cathode was evaporated at a base pressure < 10–6 mbar to define 4.27-mm2 diodes through 
shadow mask, and capped with 130-nm-thick SiO layer. 
 
3.2.3 Electromodulated absorption spectroscopy 
 
The device was loaded into cryostat in the N2 environment and quickly pumps down to 1e-6 Torr 
level. The set-up of the EA spectroscopy was as described in chapter 2. A modulated drive voltage 
V (V = Vdc +V~ ; 170 Hz) was applied onto the device during the measurement time. The reflected 
light was demodulated by the lock-in amplifier at 1 ω to obtain the in-phase and quadrature 
component with respect to V .   
 
3.2.4 Ultra-violet photoemission spectroscopy 
 
Films were spin-cast on Au-coated on Silicon substrates and baked at 130 ºC for 15 minutes in the 
N2 glovebox (pH2O, pO2 < 1 ppm). Ultraviolet photoemission spectroscopy (UPS) was conducted 
on an ESCALab MkII spectrometer equipped with a He I lamp of 21.21 eV. A bias of -10 V was 
applied. The Fermi energy was established from the Fermi step of Au thin film. The pass energy of 









3.3 Results and discussion 
 
3.3.1 UPS study on PEDT: PSSMs/ OC1C10-PPV  
 
Fig.3.1 shows the work-function ( elOSCφ ) of the PEDT:PSSM films measured under a 5-nm overlayer 
of OC1C10-PPV and plotted against their elvacφ  (i.e., with no overlayer), together with the derived 
HOMO
F∆ , given by Ip – 
el
OSCφ  where ionization potential Ip = 5.0 eV for OC1CO-PPV.  The data shows 





φ∂ = 0 and HOMOF∆ = 0.6 eV, which gives EF pinning 0.6 eV above HOMO of 
this OSC, as found also in numerous other systems in which the transition from Evac alignment to 
EF pinning has been established.[13-16]  However despite the constant HOMOF∆  across M = H (φvac, 
5.1 eV), mixed Na/TMA (4.9), Li (4.7) TMA (4.6) and Na (4.6) electrodes, the hole-injection 
resistance into the OSC markedly increases with decreasing φvac.   
The interface dipole voltage Vdip given by elvacφ – elOSCφ , also plotted in Fig. 3.1a, increases from 0.2 
V (M=Na) to 0.7 V (H).  This is related to the double-layer charge density σdl according to: 
dldipordipintdl dVVC /⋅ε⋅ε=⋅=σ , where Cint is the double-layer areal capacitance and ddl is the 
double-layer thickness.  For εr = 2.85±0.15 (measured in this work) and ddl ≈ 20 Å (assuming the 
doped OSC core lies ≈ 10 Å from the interface, and is counter -balanced by the image charge in 
PEDT), we get σdl ≈ 8.0 x 1012 cm–2 V–1 ∙ Vdip.  For Vdip ≈ 0.5 V, this indicates a moderately heavy 
interface doping ≈ 1% of a monolayer.  It is important to note that these results are derived for a 
single contact in the absence of the second electrode.  In a completed device with both hole and 
electron contacts, a re-equilibration of the energy levels occur within the device, and so the UPS 







Fig. 3.1. Properties of PEDT:PSSM/ OC1C10-PPV anode contacts. (a)  EF-to-HOMO gap HOMOF∆  and (b) Evac 
offset ∆vac vs vacuum work function elvacφ   of the PEDT:PSSM electrodes measured by standard UPS: 
HOMO
F∆ = Ip – 
el
OSCφ  where Ip = 5.00 eV, where 
el
OSCφ is the work function of the electrode measured through 






















































3.3.2 Current density-voltage-luminescence characteristics   
 
Fig. 3.2 shows the hole unipolar current density–voltage (j-V) characteristics of ITO/ PEDT:PSSM/ 
OC1C10-PPV/ Al diodes (Al used as nearly non electron-injecting contacts)[[19, 20] decreases 
strongly across this series. This is clearly shown again in the variable-temperature j-V and 
electroluminescence efficiency ηEL–V characteristics of diodes with electron-injecting Ca cathodes 
(Figs. 3.3a–c), in which both j and ηEL decrease down the series, indicating progressive shut down 
of the hole current. 
 
FIG. 3.2. j-V characteristics of hole-only unipolar ITO/ PEDT:PSSM(M=H, mixed Na/TMA, Li, TMA, Cs)/ 75-





































Fig.3.3. Variable-temperature electroluminescence–voltage (ηEL–V) characteristics for ITO/ PEDT: PSSM(a: 


























































































































3.3.3 Spectroscopic evidence of interfacial doping layer on PEDT: PSSMs/ OC1C10-PPV 
 
The modulation EA spectrum provides direct evidence for the P+ character of these interface 
charges, which proves they are produced by integer charge transfer,[8] rather than fractional 
perturbation of the electron density tail.  A representative set of in-phase and quadrature EA 
spectra for the ITO/ PEDT:PSSH / OC1C10-PPV/ Ca diode at 200 K and at 30 K is shown in Fig. 3.4.   
In addition to the well-known quadratic Stark effect,[12] the spectra exhibit weak subgap features 
with shoulder at 1.4 eV, and broad band at 1.7 eV that extends into the fundamental π–π* band of 
the OSC.  The quadratic Stark effect at constant Vac excitation gives a spectrum that reverses 
polarity and vanishes with the internal field from which the built-in potential Vbi (i.e. flatband voltage) 
can be evaluated.[25-28]  However we show here that contributions from interface charges can 
also be resolved by their subgap transition energy and lack of polarity reversal at Vdc = Vbi.  Such 
subgap features have in fact been previously noted but variously assigned to “excited states” or 
“trapped charges”,[25, 26, 28] which can be ruled out here.  In contrast to the quadratic Stark 
spectrum which scales as V~ ∙(Vdc – Vbi) and resembles the first derivative of the π–π* band, the 
subgap feature scales as V~  independent of internal field and is in fact a replica of the spectrum of 
chemically-doped P+ in the OSC (see inset), with absorption in-phase with positive V~  on the hole 
contact.  The bulk polaron density increases rapidly with Vdc – Vbi above, but becomes negligible 
below the flat band. On the other hand, interface polarons can persist below the flat band so long 
as ∆vac remains negative. Therefore this feature arises from absorption of electromodulated 






Fig. 3.4.  In-phase and quadrature electromodulated absorption (EA) spectra of ITO/ PEDT:PSSH/ 75-
nmOC1C10-PPV/ Ca diodes at 200 K (a) and 30 K (b). Negative intensity corresponds to absorption in-phase 
with the V~ excitation voltage on ITO:  f = 170 Hz; V~ = 0.5 Vrms.  Insets in left panel: Top: (dotted line) 
lowest-lying π-π* band of OSC, (solid line) polaron band upon p-doping with NO2+ BF4–; Bottom: device 
measurement configuration.  Inset in right panel:  In-phase EA spectra for OC1C10-PPV diodes with 
































































Fig.3.5. (a) EA spectra for different OSCs as indicated Vdc = 0 V and 295 K, with PEDT:PSSH as anode and 
Ca as cathode.  Shaded region marks the P+ band subtracting out the contribution by PEDT:PSSH.  The 
ITO/ PEDT:PSSH/ F8/ Ca EA spectrum is similar to the ITO/ PEDT:PSSH/ polystyrene/ Ca spectrum, 
showing that no measurable P+ concentration exists at the PEDT/ F8 interface. (b) In-phase EA spectra for 
different cathodes at Vdc=0V and 30k. 
 
The weak dependence on temperature and V~  in deep forward or reverse bias, over which j varies 
by many orders of magnitude (Fig. 3.3) rules out bulk-injected or trapped electrons.  Thus the 
charge-modulation (CM) feature arises from interface charges.  The lack of spectral dependence 
on the cathode (Fig. 3.5b) but strong dependence on OSC and on PEDT: PSSM (Fig. 3.5a) 








































































































 This completes the proof of existence of the δ-hole-doped interface at the PEDT/ OSC contact.  
The difficulty in observing the related electron-doped contact is not surprising, because the optical 
field nearly vanishes at the cathode metal interface.   
 
3.3.4 Calculation on the interface charge density and its impact on the Ohmic contact 
 
In principle, the modulated hole density totσ~  receives contributions from both PEDT and OSC 
sides: OSCeltot σ+σ=σ ~~~ .  If injection is blocked, as in the case of polystyrene diodes, the entire 
totσ~  resides at the PEDT interface.  The resultant spectrum is then the CM spectrum of 
PEDT:PSSM which depends markedly on M [23].  For M = H, this contribution is weak (see Ref[23]) 
and so spectral correction for P+ becomes necessary only at low σOSC.  From thus corrected CM 





~ , where ξ is the optical structure factor and 
+αP  is the P+ absorption cross-section.  We independently obtained +αP  to be 3.6 x 10–16 cm2 
[29]and ξ to be 4.0 [30], which gave OSCσ~  = 3.6 x 1010 cm–2 for ITO/PEDT:PSSH/OC1C10-PPV/Ca  
diode at V~ = 0.5 V, Vdc = 0 V and T = 200 K.  Since the theoretical totσ~  is given by VCOSC
~⋅ to be 
1.0 x 1011 cm–2 under these conditions, the OSCσ~  indeed makes a significant contribution to totσ~ .   
 
The CM spectrum is in-phase with V~  and so the δ-hole-doped layer is in equilibrium with the 
electrode.  On cooling down to 30 K, a small phase shift opens up (Fig. 3.3), from which a first-
order injection rate constant of 4.2±0.5 x 103 s–1 was obtained.  The apparent activation energy of 






⋅−  varies from 3 meV (30–100 K) to 7 meV (100–295 K).  
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Therefore the normalized ratio OSCσ~ /V





dσ , which provides a direct means to measure this parameter without 




Fig. 3.6.  dσOSC / dV vs V plots for OC1C10-PPV diodes.  Top panel:  ITO/ PEDT:PSSH/ 75-nm OC1C10-PPV/ 
Ca diode;  Bottom panel:  ITO/ PEDT:PSS(Na/TMA)/ 75-nm OC1C10-PPV/ Ca diode.  Insets:  CM spectra of 







dσ  plots reveal only a weak Vdc dependence for this diode at all temperatures (top panel, 



























































M = H 
M = Na/TMA 
49 
 
extrapolation suggests that depletion occurs at ca. –20 V.  Integration then gives OSCσ  ≈ 1 x 1012 
holes cm–2, which is smaller but in the same order of magnitude as the carrier density estimated 
from Vdip in UPS.  The weak T dependence (only a factor of 3 from 295 K to 30 K) corresponds to 






⋅−  that varies as before from 2 meV (30–100 K) to 
7 meV (100–295 K).  Thus both the kinetic and thermodynamic barriers are nearly zero, and so the 
δ-layer is populated directly at EF.  This is consistent with EF pinning at the leading edge of the P+ 
DOS in bulk chemical-doped materials [31], although the energetics of the interface P+ will likely be 
relatively shifted by Madelung effects [23]. 
 
For ITO/ PEDT:PSSM/ OC1C10-PPV/ Ca diodes with injection-limited hole contacts, OSCσ~  are 
some two orders of magnitude lower, 1.5 x 109 cm–2 (M = Li) and 0.8 x 109 cm–2 (Na, TMA), which 
is our detection limit.  Lower work function electrodes thus give lower OSCσ~  as expected from 
equilibrium across the contact. 
 
The question then arises whether low OSCσ~  is the result or the cause of non-Ohmic contact. The 
fact that the δ-hole-doped interface is in equilibrium with the electrode rules out the former.  
Furthermore we found a remarkable PEDT:PSSM (where M = mixed Na/TMA) anode which gives a 
hole contact that can be “tuned” by temperature across the injecting–blocking boundary, as 
evidenced by ηEL characteristics (Fig. 3.2) and j–V characteristics (not shown).  For T ≥ 150 K, the 
hole contact is injecting.  The high ηEL > 0.6% ph/el indicates a relative balance of electron and 
hole currents in the diode.  For T ≤ 100 K, it is poorly injecting.  The ηEL falls towards 0.1%, as the 
hole current is shut down.  For reference, the strongly injecting M = H electrode gives constant ηEL 
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(≈ 1–2%) independent of temperature and bias (see also Ref[20]); while the poorly injecting TMA 
anodes  gives  ηEL < 0.06%.   
 




dσ : OSCσ ≈ 1 x 1010 holes cm–2 (integrating to Vdc = 3 V) at 100 K, and increases markedly to 
≈ 2 x 1011 holes cm–2 at 200 K.  This sharp increase in both the injected hole current and OSCσ  
suggests the existence of a OSCσ  threshold of the order of a few 1011 holes cm–2 for efficient hole 
injection into the OSC bulk, which agrees also with the trend across different M (Fig. 3.1b).  This 
and not HOMOF∆ plays the more important role in determining the interface injection behavior.  
Although proton-doping of this interface could play a role, it is not essential, as the M = Na/TMA 
electrode here is non-acidic.   
 
Finally we consider a possible origin of this phenomenon.  The insets of Fig. 3.6 show the CM 
spectra of the interface P+ band measured near flat band condition as a function of temperature.  
The P+ spectra for the M = H contact shows a collection of oscillation strength into a distinct peak 
at all temperatures.  In contrast, the spectra for the M = Na/TMA contact is diffuse at T ≤ 150 K, but 
shows a distinct peak at higher temperatures.  This suggests that the P+ character changes across 
the transition from a dilute P+ state at low temperatures to degenerate P+ clusters when higher 
carrier density becomes available.   Although such a transition is known in 3D, possibly as the 
result of an interplay between electron–phonon coupling [32], P+ interaction [33], and Madelung 
stabilization [23], this appears to also occur in interface-confined P+.  Such clusters may inject 
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more efficiently than the bare interface, perhaps involving a graded injection pathway [18] through 





In summary, we have provided experimental evidence that the formation of a high density of sub-
gap interface states at the organic semiconductor interface is central to the formation of Ohmic 
contacts.  Although this pins Fermi level away from the transport level, at sufficiently high densities 
of the interface carriers, a low injection barrier path is opened into the bulk of the semiconductor, 
assigned here via degenerate polaron clusters.  This explains why appropriate doped layers can 
serve as injection layers in “small-molecule” evaporated LEDs [34] through charge transfer at the 
interface. Thus while this picture superficially resembles the use of degenerate doping to make 
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Chapter 4 Measurement of charge density in the δ-hole-




In this chapter, we extend the study of electromodulated absorption spectroscopy from the work of 
chapter 3 onto  blue light-emitting diodes based on poly(fluorene-alt-triarylamine) (TFB) with p-
doped poly(3,4-ethylene-dioxythiophene):poly(styrenesulfonate) (PEDT:PSSM) anodes, which 
reveals a sub-gap polaron band due to bias modulation of the accumulation hole density at the 
TFB interface.  For M = H, this density is ca. 1 x 1012 cm–2 at room temperature, which is sufficient 
to provide Ohmic injection.  From this δ-hole density and those measured in related poly(2, 5-
dialkoxy-p-phenylenevinylene) diodes, the interface vacuum-level offset is only a small fraction of 
that measured by ultraviolet photoemission spectroscopy, which suggests a sizeable energy-level 




Energy-level alignment[1-3] is topic in the physics of charge carrier injection and confinement in 
organic semiconductor (OSC) devices.[4, 5]  The polaron charge carriers are known to hop in a 
disordered density-of-states.[6, 7]  In the bulk-doped form (and also at δ-doped interfaces), their 
energy is also known to have a sizeable Coulomb (Madelung) contribution which varies with 
counter ion and any spectator ion present.[8]  Recently, using electromodulated absorption (EA) 
spectroscopy[9-11] in the sub-gap region below the π–π* transition of the poly(2,5-dialkoxy-p-
phenylenevinylene) (OC1C10-PPV) OSC, we established the presence of an accumulation hole 
polaron layer at the anode/ OSC interface, and determined that a critical concentration of the order 
of a few 1011 cm–2 is required to provide Ohmic injection into the OSC bulk.[12]  
 
Here we have extended these measurements to the contact between PEDT:PSSM anodes and 
poly(2,7-(9,9-di-n-octylfluorenediyl)-alt-(1,4-phenylene-((4-sec-butylphenyl)imino)-1,4-phenylene) 
(TFB, see inset of Fig. 4.1 for chemical structure).  PEDT:PSSM provides a well-defined family of 
conducting polymers with work function φvac tuneable by the M-spectator ion effect,[8] while TFB 
(ionization potential Ip = 5.5 eV) is a prototype of the wide-gap blue-emitting poly(fluorene-co-
arylamine) family.[13]  Copolymers containing TFB segments are widely used in hole injection and 
transport layers[14] into deeper lying light-emitting polymer layers in organic light-emitting diodes 
(OLEDs) and as the blue-emitter itself.[15]  PEDT:PSSH is often used as the anode contact to 
provide hole injection into TFB, as it is the deepest work-function material (φvac ≈ 5.1 eV) widely 
available and reliably processable from solution,[16] although it exhibits a redox instability from 
injection-induced dedoping[17] and also electromigration.[18]   Similar to the PEDT:PSSH/ OC1C10-
PPV/ cathode diodes,[12] we found a δ-doped layer forms at PEDT:PSSH/ TFB interface at a 
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density of ca. 1 x 1012 cm–2, and the contact is Ohmic down to low temperatures.  With these 
measurements, it becomes possible to show that the vacuum-level offset (∆vac) at the anode 
interfaces in the diodes (with cathodes), and the gap between the Fermi level EF and the edge of 
the highest-occupied-molecular-orbital (HOMO) ( HOMOF∆ ) are only small fractions of those 
measured by ultraviolet photoemission spectroscopy (UPS) on the corresponding single 
heterojunctions in vacuum (without the cathodes).  
 
4.2 Experimental conditions 
 
Indium-tin-oxide-coated glass substrates were cleaned (RCA SC1), 60-nm-thick films of various 
dialysed PEDT:PSSM (M=H, Na/TMA, Li, Na;[17, 19] φvac selected between 4.6 and 5.1 eV)[8] 
were spin-cast, baked in a N2 glovebox (150 ºC, 5 min, hotplate),  and then 75-nm-thick TFB films 
were spin-cast, baked again in a N2 glovebox (130 ºC, 15 min, hotplate), and then Al or Ca/ Al 
cathodes were evaporated at a base pressure of < 10–6 mbar to define 4.27-mm2 diodes. UPS and 









4.3 Results and discussion 
 
4.3.1 UPS study on PEDT: PSSH/ TFB   
 
The PEDT: PSSH/ TFB interface shows a ∆vac of 0.3 eV for both thick (40 nm) and thin (5 nm) TFB 
overlayers, as have been reported by other authors.[2, 3]  Therefore EF is pinned at 4.8 eV below 
Evac of the OSC and 0.7 eV above its HOMO edge (= HOMOF∆ ) with an interface charge density  σdl 
≈ 2.6 x 1012 cm–2 (given by dlvacorvacdldl dC /∆⋅⋅=∆⋅= εεσ , where Cdl is the double-layer 
capacitance, ddl is the thickness, εr = 3.1  (expt.) and ddl ≈ 20 Å (assumed), and thus σdl ≈ 8.6 x 
1012 cm–2 V–1). 
 
4.3.2 Spectroscopic evidence of interfacial doping layer on PEDT: PSSH/ TFB 
 
Fig. 4.1 shows the EA spectra of ITO/ PEDT:PSSH / TFB/ Ca diodes as a function of temperature 
(top panel, 295K; middle panel, 30K) in the 2.75–3.25-eV π–π* region, together with the 2.0–2.75-
eV sub-gap region in an expanded scale.  The EA feature at 2.95 eV is the conventional Stark 
feature of the π–π* transition and has intensity proportional as expected to (Vdc–Vbi)• V~ .[9-12]  The 
feature at ca. 2.4 eV is a polaron feature due to charge-modulation at the TFB side of the 
PEDT:PSSH/ TFB interface.  This sub-gap feature resembles the spectrum of chemically p-doped 
TFB (see inset of top panel) obtained by solid-state contact doping[20] with 100-mM nitronium 
hexafluoroantimonate acetonitrile solution.  This is only weakly dependent on dc bias (for the 295 K 
spectrum), or cathode material, but strongly on M in PEDT:PSSM, and thus arises from charge-
modulation of the δ-hole doped OSC, as in the case of PEDT:PSSH/ OC1C10-PPV diodes.[12]   
 
Hence modulation of the interface charge density appears to be a general feature of sub-gap EA 
spectroscopy of OSC diodes, particular at low temperatures where bulk injected carriers do not 
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make significant contributions.  However, different from PEDT:PSSH/ OC1C10-PPV/ cathode diodes, 
the intensity of the sub-gap feature here is more strongly temperature dependent, and becomes 
weak at 30 K, where they also become Vdc-dependent.  These characteristics approach those of 
PEDT:PSS(Na/TMA)/ OC1C10-PPV/ Ca diodes, which have been established to lie near the 
blocking–injecting boundary.[12]  Nevertheless, variable-temperature current-density–voltage jV 
characteristics of PEDT:PSSH/ TFB/ Ca diodes (Fig. 4.2a), which are dominated by holes (as 
evidenced by low electroluminescence yield <0.01% despite high photoluminescence yield of ≈ 
50%) suggest that the anode contact can inject holes efficiently over the entire temperature range 
(18–290 K) studied, as has also been observed also for a related polymer.[21] 
 
When PEDT: PSSH is replaced by PEDT:PSSNa (φvac = 4.65 eV), the sub-gap feature is no longer 
dominated by the polaron modulation spectrum of the TFB, but that of PEDT: PSSNa itself (5.1 
bottom panel).  This indicates that just as previously observed in PEDT:PSSM/ OC1C10-PPV/ 
cathode diodes with low-φvac anodes,[12] and in PEDT:PSSM/ polystyrene/ metal structures,[8] the 
modulated interfacial charge density now lies at the PEDT:PSSM side in these blocking contacts.   
Again, it is not the acidic nature of PEDT:PSSH that is responsible for producing the δ-doped TFB 
interface in the first place, but its deep φvac.  The non-acidic PEDT:PSS(TMA/Na) (φvac = 4.85 















Fig. 4.1  Electromodulated absorption spectra of the ITO/ PEDT:PSSM/ TFB/ Ca diodes. Negative intensity 
corresponds to absorption in-phase with the V~ excitation voltage on ITO:  f = 170 Hz; V~ = 0.5 Vrms.   Top 
panel: In-phase EA spectra for M=H diode at 295 K for different Vdc biases. Insets: (dashed line) Lowest-
lying π-π* band of TFB; (solid line) Polaron band obtained by p-doping with NO2SbF6.  Middle panel: In-
phase EA spectra for M=H diode at 30 K for different Vdc biases.  Bottom panel: (solid lines) In-phase EA 
spectra for M=H and M=Na/TMA diodes at 295 K for Vdc = –2 V; (dotted lines) In-phase EA spectra for 
corresponding ITO/ PEDT:PSSM/ polystyrene/ Ca metal/ insulator/ metal structures.  The quadrature 
































































4.3.3 Interface charge density calculation 
 






~ , where ξ is the optical structure factor, +αP  is the polaron absorption cross-
section, OSCσ~ is the modulated charge density responding to the modulating ac bias V
~ .[12]  For 
the peak at 2.4 eV, ξ was computed to be 3.8 from transfer matrix calculations incorporating the 
wavelength-dependent optical functions of all the layers in the diode and the illumination angle, and  
+αP was estimated to be 1.0 х 10
–16 cm2.  This was computed from the repeat unit π–π* 
absorption cross-section of 1.83 x 10–16 cm2, relative cross-section of 0.53 measured for the 
polaron band to the π–π* band, and effective conjugation length of 1.0 (due to conjugation 
breaking by the sp3-nitrogens).  The value obtained is comparable to those known for the 
corresponding polaron band in tri(p-methoxyphenyl)amine (0.58 x 10–16 cm2) and tri(p-
chlorophenyl)amine (0.92 x 10–16 cm2),[22] but smaller than those of the monocation of 
bis(N,N,N’,N’-tetraphenyl-p-phenylenediamine) (1.7 x 10–16 cm2),[23] OC1C10–PPV (3.6 x 10–16 
cm2)[12] and regioregular P3HT (1.7 x 10–16 cm2)[24].  For Vdc = 1.0 V and V~  =0.5 Vrms,  OSCσ~  = 
7 x 1010 cm–2, which is thus a significant fraction of the computed total modulated charge density of 




















FIG. 4.2.  Temperature dependence of ITO/ PEDT:PSSH/ TFB/ Ca diodes.  (a)  Variable-temperature jV 






dσ  plots were obtained and shown in Fig. 4.2b.  The integrated interface 
charge density reveals a stronger temperature dependence than in PEDT:PSSH/ OC1C10-PPV/ Ca 
diodes. The 295 K spectrum suggests a linear extrapolation to zero at ca. –17 V.   Integration then 
gives 1.0 х 1012 holes cm–2 at equilibrium (i.e., Vdc = 0 V), similar to PEDT:PSSH/ OC1C10-PPV/ Ca 
diodes,[12] despite the considerably deeper Ip of TFB.  The 30 K spectrum extrapolates to zero at –
3 V.  Integration to 7 V where the injected current becomes significant gives 3 x 1011 holes cm–2, 
which comes close to the threshold for Ohmic injection in OC1C10-PPV diodes.[12]     
 
4.3.4   Vacuum level offset value from device measurement   
 
The  interface charge density σosc,diode for these TFB diodes and our previous OC1C10-PPV 































































































































offset at the anode/ OSC interface of the diode, denoted ∆vac,diode to distinguish from the value for 
single heterojunction obtained by UPS ∆vac,SHJ.  We found that ∆vac,diode varies from 0.05–0.15 eV 
(±20%) for the Ohmic contacts, much smaller than the values of 0.3–0.7 eV (±0.05 eV) measured 
on the corresponding single heterojunctions.  This suggests a sizeable energy-level realignment 
occurs at the anode interface when the cathode is deposited, so that EF lines up nearer to the 
HOMO edge, than the pinned value of HOMOF∆ of 0.5–0.7 eV obtained at single heterojunctions 
here and elsewhere[1-3] would suggest.   Nevertheless this HOMOF∆  can still be substantial (0.05 
eV for PEDT:PSSH/ OC1C10-PPV; 0.2 eV for PEDT:PSS(TMA/Na)/ OC1C10-PPV; and 0.5 eV for 
PEDT:PSSH/ TFB diodes), and it is the presence of a δ-doped interface layer at the OSC contact 














Heterostructure UPS Device structure EA spectroscopy 










0.7 5.6x1012 ITO/PEDT:PSSH/ OC1C10-
PPV/ Ca 
1.1x1012 0.15 
   ITO/PEDT:PSSH/ OC1C10-
PPV/ Al 
1.0x1012 0.15 
      
PEDT:PSS(Na/TMA)/ 
OC1C10-PPV 
0.45 3.6x1012 ITO/PEDT:PSS(Na/TMA)/ 
OC1C10-PPV/ Ca 
0.28x1012 0.05 
   ITO/PEDT:PSS(Na/TMA)/ 
OC1C10-PPV/ Al 
0.13x1012 0.02 
      
PEDT:PSSH/ TFB 0.3 2.6x1012 ITO/PEDT:PSSH/TFB/Ca 1.0x1012 0.1 
         
 
 
Table 4.1.  Single-heterojunction vacuum-level offsets (∆vac,SHJ) and computed OSC interface charge 
density (σOSC,SHJ) at the anode/ OSC contact of bilayers obtained by ultraviolet photoemission spectroscopy 
(UPS) from the shift in work function, and corresponding OSC interface charge density (σOSC,diode) and 
computed vacuum-level offsets (∆vac,diode)  in completed diodes obtained by electromodulated absorption 
(EA) spectroscopy from the modulated absorption of the polaron band in the sub-gap region, at room 
temperature.  Error in UPS ∆vac,SHJ values is ±0.05 eV.  Error in EA σOSC,diode is ±20%.  All diodes except 









In conclusion, we have measured a significant δ-hole accumulation layer of 1.0 x 1012 cm–2  at the 
TFB interface in PEDT:PSSH/ TFB/ Ca diodes at 295 K, similar to OC1C10-PPV diodes.   It is clear 
from these studies that energy-level realignment occurs upon the deposition of the cathode, so that 
the deep EF-pinning at the single heterojunction evolves to a shallower HOMOF∆  step within the 
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Chapter 5 Direct determination of the eV-Scale reduction in 
effective metal work function at the buried organic 





In chapter 5, we use electroabsorption spectroscopy to directly determine the built-in potential for 
several families of model diodes of poly(3,4-ethylenedioxythiophene): poly(styrenesulfonic acid)/ 
organic semiconductor (OSC)/ metal, with  2,5-dialkoxy-substituted poly(p-phenylenevinylene) 
(OC1C10-PPV), poly(9,9-dioctylfluoren-2,7-diyl) (F8), poly(9,9-dioctylfluorene-2,7-diyl-1,4-
phenylene-(N-p-sec-butylphenyl)imino-1,4-phenylene) (TFB) and poly(9,9-dioctylfluorene-2,7-diyl-
benzo-3,1,2-thiadiazole-4,7-diyl) (F8BT) as the OSC. Reconciled with the vacuum-level offset at 
the anode interface determined from chapter 3 and 4, we inferred the existence of a relatively well-
behaved effective work function OSCelφ  with respect to the vacuum-level of the OSC.  We found 
OSC
elφ  for Al to be 3.4 ±0.1, Ag 3.7 ±0.1, and Au 4.2 ±0.2 eV.   These values are considerably 
smaller than the vacuum work functions, and suggest a consistent behavior of the interface dipole 
when these metals are evaporated onto the OSCs.  On the other hand, Ca does not show a 




Determining the energy-level alignment diagram is an essential prerequisite to understanding 
charge injection and transport in devices, including those based on organic semiconductors 
(OSCs). Traditionally, the required interface vacuum-level offset ∆vac (and the related gap between 
Fermi level (EF) and the highest-occupied-molecular-orbital (HOMO) edge, HOMOF∆ ) of the anode/ 
OSC interface in the device was assumed to be same as the corresponding single hetero-junction 
(SHJ) in vacuum which can be measured by ultraviolet photoemission spectroscopy (UPS).[1-3]  
Even so the ∆vac for the OSC/ evaporated cathode metal cannot be directly known since UPS does 
not have sufficient penetration depth to probe a fully developed buried interface, and so the 
vacuum work function vacelφ of the cathode metal must be adopted along with a ∆vac to account for 
chemical interaction, charge transfer or other effects.    
 
In chapter 3 and 4 we have demonstrated that ∆vac at the anode/ OSC interface can be determined 
directly in the device by electromodulated absorption (EA) spectroscopy in the sub-gap region of 
the π–π* transition from the modulated polaron absorption intensity.[4]  The measurements have 
surprisingly revealed that ∆vac at injecting hole contact in devices is considerably smaller than in 
isolated SHJs, and so the anode EF can align more closely with the HOMO edge.[4]  This allows 
the built-in potential of good organic light-emitting diodes to approach the π–π* emission gap for 
efficient operation,[5] and also for the open-circuit voltage of good organic photovoltaics to 
approach the difference between the edges of the highest- and lowest-unoccupied-molecular-
orbitals of the donor and acceptor respectively.[6, 7]  EA spectroscopy can also be used to directly 
determine the built-in voltage (Vbi) of the devices from the applied Vdc to null out the quadratic Stark 
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shift of the π–π* transition of the buried OSC layer.[8-11]  Together these allow the entire energy-
level alignment diagram to be self-consistently constructed.[12]  
 
In this chapter, we extended these measurements to systematically survey the energy-level 
alignment diagrams for devices fabricated with a wide range of model OSCs, cathodes and anodes.  
We found that it is useful to define an effective work function OSCelφ  for the buried interface from 
the difference between EF of the evaporated metal and Evac of the OSC inside the diode.  This 
incorporates the effect of interface dipole, and turns out to be “transferrable” between OSCs that do 
not give strong charge transfer with these metals.  We found for Al, Ag and Au OSCelφ = 3.4, 3.7 and 
4.2 eV respectively.  These are significantly reduced from the vacuum values by ca. 0.8, 0.7 and 
0.9 eV respectively, which is similar to the reduction seen for hydrocarbon deposition on clean 
metal surfaces.  For Ca, a low work-function metal which gives charge transfer to OSCs, the 
OSC










5.2 Experimental conditions 
 
60-nm-thick dialysed PEDT:PSSM (M=H, Cs) electrodes (for explanation of nomenclature please 
see Ref[13]) with well-defined vacelφ  between 5.1 and 4.3 eV set by the M-spectator-ion effect[14] 
were spin-cast on the indium-tin-oxide (ITO)-coated glass and baked in the N2 glovebox (150ºC 
hotplate, 5 min).  75-nm-thick model polymer OSCs of 2,5-dialkoxy-substituted poly(p-
phenylenevinylene) (OC1C10-PPV,), poly(9,9-dioctylfluoren-2,7-diyl) (F8), poly(9,9-dioctylfluorene-
2,7-diyl-1,4-phenylene-(N-p-sec-butylphenyl)imino-1,4-phenylene) (TFB) or poly(9,9-
dioctylfluorene-2,7-diyl-benzo-3,1,2-thiadiazole-4,7-diyl) (F8BT) (see inset of Fig.5.1 for the 
chemical structures) were spin-cast and baked in the N2 glovebox (130ºC hotplate, 15 min).  These 
OSCs span a wide range for the π–π* emission gap ∆em, ionization potential Ip and electron affinity 
EA (see Fig. 5.1).  The metal cathode (Ca protected by Al, Al, Ag or Au) was evaporated at a base 
pressure of < 1 x 10–6 mbar to define 4.2-mm2 diodes. The EA and UPS measurements were 












5.3 Results and discussions 
 
 
5.3.1 Definition of OSCcatel ,φ  
 
OSC




anel ,φ – 
OSC
anel ,∆ – eVbi, where 
vac
anel ,φ is the vacuum work function of the PEDT:PSSH anode, 
OSC
anel ,∆  is the  
vacuum-level offset at the anode/ OSC interface.  Ip and  vacelφ were measured in the standard way 
by UPS.  Vbi and  OSCanel ,∆  were measured by EA spectroscopy.[12]  The voltage offset from the 
internal space charge due to EF equilibration and band-bending within the OSC layer is small (< 0.1 
V) and neglected here.[15]  
 
5.3.2 Determination of OSCcatel ,φ  of Al, Ag and Au 
 
Fig.5.1 shows the energy-level alignment diagram of the PEDT: PSSH/ OSCs/ Al diodes, where 
OSC = F8, TFB, OC1C10-PPV and F8BT, drawn for the flat-band (i.e., field-free) condition when Vdc 
= Vbi.   The vacelφ  for PEDT:PSSH is 5.1 eV.[14]  The 
OSC
anel ,∆  for the OC1C10-PPV diodes was found 
by sub-gap EA spectroscopy to be 0.15 eV (cf. 0.6 eV for SHJ),[4, 12] but for the others were ≤ 
0.05 eV.  Therefore these other OSCs give nearly Evac alignment in the diodes, but not necessary 
for SHJs in vacuum.  This Vbi was determined at 30 K to avoid interference by injected bulk carriers 
inside the OSC, which becomes severe as temperature increases (see Fig. 5.2a and Fig. 5.2b for 
TFB and OC1C10-PPV diodes respectively).  Careful measurements taking into account this 
background show that the Vbi is in fact temperature independent (Fig.5.2c) to better than ± 0.05 V 
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between room temperature to 20 K.   In the diagrams, the OSCcathodeφ  is the difference between the 
cathode EF and the OSC Evac. This value does not change for OC1C10-PPV diodes when 
PEDT:PSSH is replaced by PEDT:PSSCs ( vacanodeφ = 4.3 eV)[14] which gives 
OSC
anode∆ ≈ 0, and an 















Fig. 5.1 The energy-level alignment of the ITO/ PEDT:PSSH/ OSC /Al for (a) F8 (b) TFB (c) OC1C10-PPV 
and (d) F8BT (chemical structures shown in inset).   The HOMO edge of the OSC was measured by UPS, 














































Fig. 5.2 Electromodulated absorption spectra and the determination of Vbi. (a) ITO/ PEDT:PSSH/ TFB/ Al 
diode, (b) ITO/ PEDT:PSSH/ OC1C10-PPV/ Al diode, at 30 K and at 298 K. Negative intensity corresponds to 
absorption in-phase with the V
~
excitation voltage on ITO:  f = 170 Hz; V
~
= 0.5 Vrms. (c) the ∆R/R intensity at 





We found for Al this internal work function OSCelφ  to be 3.4 ±0.1 eV for all four OSCs, which is 0.8  
eV lower than the  vacelφ  value of 4.2 eV (i.e., ∆ = –0.8 eV).  The self-consistency achieved for all 
these OSCs with widely differing π–π* gap and EA suggests that this is a relatively well-behaved 
(and hence useful) parameter, even though some of these metals (e.g. Al) is known to be able to 
diffuse 2–3 nm into the sub-surface.  Through the same methodology, we found for Ag: OSCelφ  = 
3.7 ±0.1 eV, cf. vacelφ  = 4.4 eV, and hence ∆ = –0.7 eV; and for Au: 
OSC
elφ  = 4.2 ±0.1 eV, cf. 
vac
elφ  










Fig. 5.3  Summary of the effective work function OSCelφ  of the buried interface for evaporated Al, Ag, Au 
and Ca films with respect to various OSCs. The accepted vacuum work functions vacelφ  of these 
polycrystalline films are shown on the left as the reference.  The effective work functions OSCelφ in contact 
















occupied-molecular-orbital (HOMO) edge was obtained by UPS, the lowest-occupied-molecular-orbital edge 
(LUMO) estimated from scaled MNDO-PM3 calculations. 
5.3.3 Reasons for the work function reduction 
 
The magnitude of these work function reductions are smaller to those that occur when rare-gas 
molecules are adsorbed [16] but similar to when n-alkanes are adsorbed on clean metal 
surfaces.[17, 18]  This suggests that similar mechanisms are in operation.[19]  For the case of Al, 
in a recent study, the vacelφ of the top surface of Al(111) drops from 4.3 eV at a rate of –0.4 meV/ L, 
and levels off at 3.4 eV after ca. 5000 L of oxygen (1 L = 10–6 mbar s).[20]  During normal 
evaporation in our deposition tool (rate = 1 nm s–1; base pressure < 1 x 10–6 mbar at the 
evaporation source), a complete monolayer coverage is achieved in sub-1-s and the interface 
becomes buried.  During this time, the oxygen exposure is < 1 L, and so we can rule out any 
significant oxygen (or moisture) contamination of the buried OSC/ Al interface. 
 
We also show in Fig.5.3 that the interface energetics for Ca on OSCs.  For this metal, OSCelφ  varies 
strongly with the OSC, from 2.4 eV on F8 and TFB, to 2.7 eV for F8BT and 3.05 eV for OC1C10-
PPV, apparently tracking the increase in EA.   UPS has indeed found evidence for negative polaron 
band formation and pinning when Ca is evaporated onto a PPV derivative,[21] and evidence for 
chemical bond forming and breaking reactions on the parent PPV and polythiophene.[22] 
 
In contrast, the work-function of degenerately-doped semiconductors such as PEDT:PSSM is 
dominated by the electron structure in combination with the Madelung potential[14] and so does 
not appear to have a large contribution from a soft electron tail, so the deposition of an OSC over it 





By measuring the interface hole carrier density at the anode/ OSC contact, and the flatband 
voltage, in this chapter we experimentally reconstructed the energy-level alignment diagram in a 
large survey of polymer OSC diodes.  We found relatively well-defined effective work functions for 
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Chapter 6  Organic light-Emitting p–i–n diodes based on 
contact doping of solution-processed conjugated polymers 
 
 
In this chapter, we demonstrate polymer organic light-emitting diodes (LEDs) comprising a doped 
p–i–n structure using poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT) as emitter layer, p-F8BT 
as hole-injection layer (HIL), and n-F8BT as electron-injection layer (EIL).  A F8BT film was first 
photocrosslinked using a bis(fluorophenyl azide), p-doped by contact with a nitronium salt solution, 
overcoated with a second F8BT layer, and then surface n-doped by contact with a solid 
naphthalenide film on a polydimethylsiloxane stamp.  These p–i–n LEDs exhibit good built-in 
potential (modulated photocurrent measurement, 2.2 V) and electroluminescence efficiency (1.4 % 
ph/el) which is substantially better than control devices and those with poly(3,4-

















Doping of organic semiconductors (OSCs) has been most extensively studied in devices made with 
evaporated molecular OSCs, primarily to reduce the resistance of thick HIL or EIL and to improve 
charge-carrier injection [1].  Doping at the few mol% level produces sufficient density-of-polaron-
states and electrical conductivity that transport takes place in the Ohmic rather than the space-
charge-limited regime [1].  For these molecular OSCs, co-evaporation of the dopant, such as alkali 
metals [2], tetrafluorotetracyanoquinodimethane (F4-TCNQ) [3], cobaltocene [4], Pyronin B [5] and 
BEDT-TTF [6], is readily implemented to give high performance p–i–n structures [7, 8].  This 
method however cannot be applied to solution-processed OSCs such as of polymers.  These pose 
a challenge for multilayer deposition and the selective doping of these layers.  As a consequence, 
while doping of conjugated polymers by electrochemical [9-11] and chemical means (p-type: 
sulfuric acid, Fe(III), iodine [12], F4-TCNQ [13, 14], and nitronium and nitrosonium salts [15]; n-type: 
alkali metals [16], and sodium naphthalenide [17]) are widely known, and implemented in a limited 
way in some device structures [18], polymer p–i–n doped structures have generally remained 
elusive.  In this chapter, we describe a simple method employing three basic processes: (i) 
photocrosslinking using a bis(fluorophenyl azide) (FPA) methodology [19, 20], (ii) contact p-doping 
with dopant solution, and (iii) contact n-doping with a solid dopant film, that overcome these 









6.2 Experimental conditions  
 
6.2.1 Preparation of doped film  
 
ca. 120-nm-thick F8BT films were deposited onto clean glass substrates from a toluene solution 
containing also 2 wt% (based on polymer weight) of an FPA photocrosslinker [20], then crosslinked 
by deep ultraviolet light (DUV, 254 nm) in a glovebox (pO2, pH2O < 1 ppm), and washed with 
anhydrous tetrahydrofuran (THF; dried with molecular sieves) on a spinner.  For p-doping, the film 
was contacted with an 80-mM nitronium hexafluoroantimonate (NO2+ SbF6–) solution in anhydrous 
acetonitrile (ACN) for tens of seconds, and washed with anhydrous ACN, also in the glovebox.  
NO2+ is a widely used p-dopant which unlike protonic acids behaves as a simple one-electron 
oxidant.   
 
6.2.2 Preparation of p-i-n diodes 
 
F8BT p–i–n OLEDs were fabricated as shown by the schematic in Fig. 6.1.  Indium-tin-oxide–glass 
substrates were cleaned by a standard RCA SC1 recipe [21].  A 20-nm-thick film of F8BT was 
deposited (toluene; with 2 wt% of FPA), photocrosslinked, washed with anhydrous THF, p-doped 
with 80-mM NO2+ SbF6– in ACN, and then washed as described before.  A 100-nm-thick film of 
F8BT was spin-cast over this p-F8BT, and n-doped by briefly contacting with an elastomeric stamp 
of poly(dimethylsiloxane) crosslinked with poly(methylhydrogensiloxane) (PDMS) coated with a Na+ 
Np– thin film (by spin-casting a 100-mM solution) in the glovebox.  Previously, PDMS has been 
used extensively for contact printing, e.g. of self-assembled monolayers [22]. Here the Np–-coated 
PDMS stamp provides soft conformal contact which is useful also for contact n-doping of the OSC. 




the amount of Na+ Np– used.  This stamp shows some adhesion to the OSC, which requires care to 
avoid delaminating the OSC.  A 120-nm-thick Al film was then thermally evaporated through 
shadow mask to define 4.27-mm2 contacts and protect the n-F8BT layer. Current-density–
luminance–voltage (jVL) characteristics were measured using a Keithley 4200 semiconductor 
parameter analyzer with a calibrated large-area Si photodiode. Control devices without the doped 



























(ii) p-dope by contact with 
NO2+ SbF6– in ACN
(i) spin F8BT and crosslink
(iv) n-dope by contact with 





6.3 Results and discussions 
 
6.3.1 Absorption spectrum on p and n-doped thin film  
 
The optical transmission spectrum (Fig. 6.2) collected in the glovebox within a few minutes of 
preparation confirms successful p-doping: the π–π* band at 2.7 eV bleaches while a sub-gap 
polaron transition at 1.8 eV emerges.  For n-doping, the F8BT film was contacted with a 100-mM 
sodium naphthalenide (Na+ Np–) solution in anhydrous THF or dimethoxy glycol (DMG) for tens of 
seconds, and washed with anhydrous THF.  The optical transmission spectrum (Fig. 6.2) confirms 
successful n-doping with sufficient stability for spectroscopic characterization: the π–π* band 
bleaches while a different sub-gap polaron transition at 2.1 eV emerges.  The difference between 
the hole (h+) and electron (e–) polaron bands may be due to the different character of these 
carriers, with e– on the benzothiadiazole ring and h+ on the fluorene–phenylene core [23]. 
 
This process is reversible, which proves that true chemical doping rather than chemical 
degradation of F8BT has occurred.  The p-doped F8BT film loses slowly the h+ polaron band and 
partially regains π–π* band intensity over several hours (more quickly when heated to 120ºC) in 
the glovebox.  This suggests hole injection into perhaps residual moisture in the glovebox followed 
by a chemical oxidative degradation of the F8BT backbone.  The n-doped F8BT film is even more 




















Fig. 6.2. Optical transmission spectra of the intrinsic and doped F8BT films on glass substrates.  Chemical 
structure of F8BT is shown in the inset. 
 
Thus even brief contact with dopant solutions can dope tens of nm into the film even with non-
solvents for the polymer (e.g., ACN, DMG).  To limit the doping depth in multilayers, we developed 
an alternative approach of surface doping by contact with a dry dopant film.  Furthermore, to avoid 
degradation of the doped layers, a rigorous time link (<10 min) has to be imposed, in particular 







































6.3.2 Current density-voltage-luminescence characteristics of the p-i-n  F8BT diode 
 
Fig. 6.3 shows the current density-voltage-luminescence (j- L- V) characteristics of the ITO/ i-F8BT/ 
Al, ITO/ p-F8BT/ i-F8BT / Al and ITO/ p-F8BT/ i-F8BT/ n-F8BT / Al devices plotted against the 
voltage above flat band, i.e., V–Vbi, where Vbi is the built-in potential.  The first device shows a low 
current density of 1 mA/cm2 together with a very low luminance of 10–1 cd m–2 at V–Vbi = 4.0 V.  
This is characteristic of poor carrier injection from both ITO and Al into i-F8BT.  Inserting a p-F8BT 
layer increases both j and L by ca. two orders of magnitude.  Thus p-F8BT provides good h+ 
injection into i-F8BT, which sets up a h+ dominated current.  This improvement in h+-injection 
efficiency is attributed to a δ-hole-doped layer at the i-F8BT interface [24].  However, the 
electroluminescence efficiency η is still poor (< 0.01% ph/el, photon-per-carrier) due to poor e– 
injection by Al.  When n-F8BT is also inserted, L increases by two orders of magnitude without 
increase in j, and η rises to 1.4 % ph/el (i.e., 4 cd A–1).  This indicates an increase in e– current by 
some two orders of magnitude, and so n-F8BT provides good e– injection into i-F8BT.   
These devices can be repeatedly measured over several days and cycled between 30 K and 353 
K, and so the doped profile has some stability.  Otherwise the jVL characteristics should drift and η 
vanish, since migration of the dopant quenches luminescence.  If an ultrathin carrier confinement 
layer is also inserted [21, 25, 26], even higher efficiencies should be possible.  For comparison, if 
poly(3,4-ethylenedioxythiophene): poly(styrenesulfonic acid) (PEDT:PSSH) is used as anode and 
Ca as cathode, η < 0.05%, due to poor h+ injection from PEDT:PSSH (work function φ = 5.2 eV) 
into F8BT, which has deep ionization potential Ip of 5.9 eV (and electron affinity Ae = 2.7 eV, 


















Fig. 6.3.   jVL characteristics of the devices. 
 
These results clearly show that: (i) doped homojunctions can provide efficient carrier injection into 
the undoped layer, and (ii) practical devices incorporating both p- and n-doped layers can be 
fabricated in polymer OSCs.  This provides unprecedented flexibility over the choice of electrode 
materials, e.g., by allowing the use of stable cathodes such as Al instead of Ca or Ba.  
Nevertheless slow diffusion of the dopant profile may still occur, which has to be addressed in 


































ITO/ F8BT/ Al         1.2 V
ITO/ p/ F8BT/ n/ Al 2.2 V
















6.3.3 Built-in potential determination  
 
To demonstrate the presence of p- and n-doped F8BT in the devices, we measured their pinned 
Fermi-level EF through the Vbi using a modulated photocurrent method (Fig. 6.4.)  The φ of 
interface δ-doped polarons [24] could differ from bulk chemically-doped polarons, and certainly 
from “free” polarons which reside at the highest occupied (HOMO) or lowest unoccupied molecular 
orbital (LUMO).[27, 28]   A modulated light beam (f = 130 Hz) was incident on the diode in a 
vacuum chamber.  The induced photocurrent was converted by a home-built transimpedance 
amplifier into a modulated voltage which was then fed into the lock-in amplifier demodulating at 1 f 
with overall gain of 106.  This removes the dark leakage current.  For the fundamental light intensity 
that varies as cos (2πft), the photocurrent follows cos (2πft + θ), where θ = 0º for V–Vbi < 0 and 
180º for V–Vbi > 0, for photo-injection of both carrier signs at both electrodes, so Vbi can be 
obtained from the transition in θ vs V.   
For the undoped device, Vbi = 1.2 V, which for an ITO φ of 5.0 eV suggests an effective Al φ in 
contact with F8BT of 3.8 eV.   When p-F8BT is inserted, Vbi increases by 0.3 eV, which places the 
interface h+ polaron state at ca. 5.3 eV, i.e., pinned ca. 0.6 eV above HOMO as commonly 
observed at single contacts by ultraviolet photoemission spectroscopy [29-31].  When n-F8BT is 
also inserted, Vbi increases by another 0.7 V, which places the interface e– polaron state at ca. 3.1 
eV, which is pinned ca. 0.4 eV below LUMO.  This confirms the integrity of the doped layers in the 






















In summary, we have demonstrated that p–i–n structures can be implemented in solution-
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The work in this thesis attempts to address the mystery of the nature of Ohmic injection and how to 
reach Ohmic injection experimentally. The eletromodulated spectroscopic work has demonstrated 
evidence for the existence of the δ-hole doped layer on the interface for high-φ/OSC contact, and 
the concentration of a few 1011 cm -2 is essential for Ohmic injection into the transport level.  
Further work are required to elaborate if this is a universal number applicable for other OSC 
interfaces besides the OC1C10-PPV and TFB, and design smart experiments to test the cascade 
charge injection model in the interface charge accumulation layer.  
 
Secondly, our works show that the energy level at the anode/OSC interface is realigned when a 
low-work function metal cathode is deposited. Currently we are building up the internal electron-
spectroscopy to measure the injection barrier height on the OSC/cathode interface.  This would 
help us pin down the energy level alignment on the device and better understand the 
“communication” between the two electrodes.  
 
Thirdly, we demonstrate a way to “manually” create an efficient p-i-n diode by introducing doping 
on the interface in chapter 6. While the p-i-n OLED represents the future for the high performance 
commercial OLEDs, it is important to study possible energy level re-alignment on this structure, 
considering the doping profile is quite different from the equilibrated  high−φ/ OSC interface, and 




Lastly, the work in this thesis is focused on the single layer device. We have done some 
preliminary studies into the multiple layer/ bulk hetero-junction OLED and OPV system, which will 
be continued after this thesis’ work. It will be very interesting to study the energy level re-alignment 
in different type of hetero-junctions and the impact of interfacial charges from the photo-induceed 
exciton dissociation  or the accumulation of diffusive charges from the Ohmic contact onto the 
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